We have found that administration of chemotherapy alters expression of growth-regulated genes in leukemia blast cells. To determine if such changes might be correlated with therapeutic outcome, we studied steady-state mRNA levels of MYC and histone H3 in the leukemic blasts of patients just prior to and 24 hr after the administration of the first doses of antileukemic drug therapy. Among nine patients with acute myelogenous leukemia, mRNA levels of MYC and histone H3 were reduced in five patients, and hematologic remission was achieved in three of these individuals. No remission was obtained in the four patients without reduction in MYC and histone H3 mRNA. Among acute lymphocytic leukemia patients, the mRNA levels ofMYC and/or histone H3
were reduced by the therapy in seven of nine patients. A complete hematologic remission was obtained in five of them, and a partial remission was obtained in the other two. No remission was obtained in the patients in which MYC and H3 mRNA levels were unaffected by the therapy. These studies are of interest because they suggest that a decrease in the mRNA levels of MYC and histone 13 24 hr after a single dose of antineoplastic drugs may predict which patients will achieve complete remission; lack of reduction in these mRNAs correlates with failure to achieve remission. In addition, these studies also provide further proof of the heterogeneity of altered growth regulation among human leukemias.
To elucidate potential mechanism(s) for the impaired regulation of leukemic blast-cell proliferation, we recently measured steady-state mRNA levels expressed by the growthregulated genes encoding MYC and histone H3 in normal human myeloid precursor cells and in the blast cells of patients with acute leukemia. We then correlated steadystate mRNA levels of these genes with the percentage ofcells that were actively traversing the cell cycle (1-3). The results of these studies revealed that when one utilizes mRNA levels of histone H3 as an indicator of the growth fraction (4, 5) , the ratio of MYC to histone H3 is constant in normal myeloid precursors and in the majority ofpatients with acute leukemia (1) (2) (3) . However, our studies also revealed the existence of a cohort of patients with an abnormally high MYC/H3 mRNA ratio. These results extended previously published findings by Rothberg et al. (6) and provided additional proof that in some leukemic patients expression of growth-regulated genes, and in particular MYC, might be altered.
Since the number of functional cycling cells often constitutes a minority of the leukemic cell population (7) To test this hypothesis and to better understand the molecular basis of this putative growth arrest in leukemic cells, we ascertained whether changes in the mRNA levels expressed by genes for MYC and histone H3, as compared with levels expressed by the control genes for,-actin and /32-microglobulin, might occur within hours after treatment of leukemic patients with chemotherapy. We reasoned that chemotherapy might induce early changes in the expression of growth-regulated genes in cycling leukemic cells, while this expression would remain unaffected in noncycling leukemic cells. Therefore, these studies were designed to determine whether early changes (or lack of changes) in the mRNA levels expressed by growth-regulated genes after initiation of chemotherapy could provide useful information on the molecular phenotype associated with induction (or lack of induction) of hematological remission in leukemic patients. It also was hoped that they would render more evident the extent of growth arrest in the leukemic blast-cell population. The integrity and amount of RNA samples were monitored by ethidium bromide staining of agarose-formaldehyde gels. DNA extraction was performed essentially as described by Gross-Bellard et al. (10) .
MATERIALS AND METHODS
Blotting and Hybridization Procedures. Total cellular RNA was denatured with 6.6% formaldehyde and 50% formamide and then size-fractionated on a 1.2% agarose gel containing 6.6% formaldehyde. Blotting of RNA to nitrocellulose was done as described by Thomas (11) . Nick translation of the plasmid DNA at high specific activity was performed essentially as described by Rigby et al. (12) . Radiolabeling of DNA inserts was performed as described by Feinberg and Vogelstein (13) . Prehybridization, hybridization, and post-hybridization washes were done essentially as described by Wahl et al. (14) . DNA samples after digestion with restriction enzymes were run on 0.8% agarose gels and transferred to nitrocellulose filters as in the standard Southern blot procedure (15) . Hybridization was done as described by Wahl et al. (14) . Filters were exposed to Kodak x-ray film using intensifying screens at -70'C. Densitometric scanning of the filters was performed with the aid of a Zeineh soft-laser densitometer (Biomed Instruments, Fullerton, CA). The accuracy and the linearity of the densitometer readings were tested by analyzing the x-ray films of the same RNA blots developed after different times of exposure.
Selection of Growth-Regulated Sequences. The growthregulated genes encoding MYC and histone H3 were used for these studies. MYC mRNA levels increase during the Go --G1 transition and peak in early-mid G1, after mitogen stimulation of quiescent cells (16, 17) . Histone H3 gene expression is limited to the S phase of the cell cycle (18) .
Plasmids. Plasmids carrying the gene probes used in these studies have 
RESULTS
Clinical Parameters. Nine patients with acute myeloid leukemia (AML) and nine patients with ALL were studied ( Table 1) . One patient in each group was in the blast phase of chronic granulocytic leukemia. It may be noticed that the number of blast cells in the peripheral blood of study patients varied from 50% to 100%o, but this variation would not be expected to significantly affect our data on the mRNA levels of growth-regulated genes because the RNA yield from mature leukocytes is much lower than from blast cells (22) . 150  80  40  80  40  60  50   150   80  100  1000  80  2  50  150  160  100  45  60  2  40  60  100  2  40  80  100  2  40  80  150  2   2  60  60  2  40  100  2  40  100  40  150  80  2  40  100  15  2  40  i00  2  80  80  2  40 cell-cycle-versus non-cell-cycle-related genes. This was accomplished by utilizing RNA blot-hybridization analysis to determine total mRNA levels expressed by the growthregulated genes encoding MYC and histone H3 and comparing the results to levels of 8-actin and 32-microglobulin mRNAs. /3-actin gene expression is abundant and, although growth factor-regulated (23, 24) , is not dependent on the cell cycle because its mRNA level is the same in quiescent and proliferating cells (25) . /2-microglobulin is also abundant and equally expressed in all cells regardless of the position in the cell cycle (16) . Therefore, P3-actin and f32-microglobulin are useful markers for our purposes. Fig. 1 is a composite blot of total RNA from nine patients with AML. Total RNA was isolated immediately before therapy and 24 hr after administering the first course of antineoplastic drugs. The blotted RNA was first hybridized to MYC and then to histone H3 genomic probes after removing the residual hybridization. Fig. 1 shows that in the patients with myeloid leukemia, the therapy affected the mRNA levels expressed by MYC differently: for instance, in patients 1, 3, 4, 7, and 9, the mRNA levels of MYC were essentially the same before and after therapy, whereas in patients 2, 5, 6, and 8, there was a significant decrease in MYC mRNA. Fig. 1 also shows that the mRNA level of histone H3 was reduced by the therapy in five patients (1, 2, 5, 6, and 8) . In no patient was the mRNA level of ,3-actin or f2-microglobulin significantly modified by the therapy. The mRNA levels of MYC, histone H3, f3-actin, and /32-microglobulin were also measured before and after therapy by densitometric readings of the Northern blots. Such analysis is shown in Fig. 2 . Expression of Genes Encoding MYC and Histone H3 in ALL Patients Before and After a Short Course of Chemotherapy. The levels of MYC and histone H3 mRNAs in nine patients with ALL before and after therapy are shown in Fig. 3 . It is apparent that the expression of the histone H3 gene was dramatically decreased in patients 1, 2, 5, 7, and 9 24 hr after the first administration of antineoplastic drugs in comparison with the untreated patients. The level of histone H3 mRNA was also moderately decreased in patient 3, while it was essentially unchanged or even increased in patients 4, 6 , and 8. The expression of MYC was drastically reduced by the therapy in patients 1, 2, 5, and 9, and it was slightly reduced in patient 4. The MYC mRNA level was unchanged after therapy in patients 3, 7, and 8, while it increased in patient 6.
The filter of Fig. 3 was hybridized to a P3-actin or 182-microglobulin cDNAs and, as shown in the bottom of Fig. 3 , the chemotherapy did not induce significant changes in the mRNA levels expressed by these genes. The levels of MYC, histone H3, 83-actin, and 832-microglobulin mRNAs were also measured before and after therapy by densitometric readings of the Northern blots. Such analysis is shown in Fig. 4 . Finally, it should also be mentioned that we could not detect major rearrangements or amplification of the MYC locus by Southern blot analysis of DNA from the leukemic patients studied (data not shown).
DISCUSSION
In these studies, we have compared the expression of two growth-regulated genes, those encoding MYC and histone H3, with the expression of non-cycle-dependent genes such as those encoding P3-actin and f2-microglobulin in patients with acute leukemia before and 24 hr after treatment with chemotherapy. Our purpose was to investigate the effects of antineoplastic drugs on the expression of growth-regulated genes before the marked cytoreduction that is usually associated with a prolonged treatment. In fact, Table 2 shows that, except in the first patient with ALL, the number of leukocytes and the percentage of blast cells were not significantly altered by the single dose of antineoplastic drugs that the patients had received. The absence of significant modifications on the percentage of blast cells indicates that the variations on the mRNA levels expressed by growthregulated genes after therapy are due to an early effect of the antineoplastic drugs used on the metabolic pathways necessary for the cell-cycle progression of leukemic cells. Our studies also show that the first dose of chemotherapy induces early changes in the mRNA levels expressed by the growthregulated genes encoding MYC and H3 in -65% of leukemic patients, while it does not affect the mRNA levels of P-actin and f2-microglobulin in any patient.
Theoretically, the effects observed should reflect the multiplicity of cell-cycle targets of the chemotherapeutic agents used in this study (26) . Our observation that the expression of three other growth-regulated genes (genes expressing p53, cyclin, and ornithine decarboxylase) is similarly modified by the chemotherapy provides further support for a direct effect on the expression of growth-regulated genes in cycling cells. The reduction in the levels of MYC and H3 mRNAs after therapy might be the consequence of a direct effect on the transcription of growth-regulated genes in cycling cells. This interpretation is supported by the observation that a reduction of the mRNA levels of histone H3 can be observed in some patients as early as 6 hr after therapy (data not shown). However, it is likely that the magnitude of the effect is increased by the short half-life of the MYC and H3 messages (27, 28) as compared with the much longer half-life of /3-actin mRNA (29) . Independent of the mechanism involved, early variations on the levels of MYC and H3 histone mRNAs, as compared with the unchanged levels of P-actin and P2-microglobulin mRNAs, are due to a specific effect rather than being the result of a general inhibition of cellular RNA metabolism.
Among the patients with AML, the expression of genes for MYC and histone H3 was reduced by the therapy in five of nine cases (Fig. 1, patients 1, 2, 5, 6, and 8) . Among the patients with ALL, a decrease of H3 or MYC RNA or both RNAs was observed in seven of nine cases (Fig. 3, patients   1, 2, 3, 4, 5, 7, and 9) . However, the ratio of MYC/H3 mRNAs expressed was similar in most patients before and after therapy, although there were some exceptions. For instance in patient 1 of the AML group, the ratio MYC/H3 24 hr after therapy was higher than it was before therapy. Within the group of ALL patients, the ratio MYC/H3 was increased after therapy in patients 3, 6, and 7 but was slightly decreased in patient 4. Together, these findings support our suggestion that the protooncogene M YC is expressed not only by cycling leukemic cells but also by functionally out-of-cycle leukemic cells (1) (2) (3) .
We also have tried to establish a correlation between the early effects of the chemotherapy on the mRNA levels expressed by growth-regulated genes and the attainment of hematologic remission when the entire course of chemotherapy was completed. Hematologic remission was obtained in three patients with AML and in five patients with ALL. A decrease in the level of histone H3 mRNA measured 24 hr after a single dose of chemotherapy was observed in five patients with AML, whereas the MYC mRNA level was decreased in four of these patients. Hematologic remission was obtained only in patients 5, 6, and 8. Levels of H3 mRNA were decreased by the therapy in six of nine patients with ALL; the expression of MYC was decreased in four of these six patients; five patients were in complete remission at the end of the chemotherapy. Partial remissions were obtained in patient 4 (Fig. 3) , in whom only the expression of MYC was reduced 24 hr after therapy, and in patient 7 (Fig. 3) , in whom only the expression of the H3 gene was reduced 24 hr after therapy.
Although our sample is small, the consistency of our findings suggests that (i) lack of a concomitant reduction of MYC and H3 mRNAs is an unfavorable prognostic factor (none of six patients with no changes or increase of MYC and H3 mRNA levels after therapy achieved remission), and (ii) a decrease in the mRNA levels of MYC or histone H3 24 hr after the administration of a single dose of chemotherapy might predict eventual attainment of complete hematologic remission. Whether decrease in both MYC and H3 mRNAs will be more significant as a prognostic factor than the decrease of histone H3 or MYC mRNA alone remains to be determined. In this regard, in AML patient 2 ( Fig. 1) , the decrease in the levels of MYC and H3 mRNAs after a short course of chemotherapy was not accompanied by the attainment of hematological remission. In contrast, a patient with ALL (Fig. 3, patient 7 ) obtained partial hematological remission despite the lack of early changes in the level of MYC mRNA. Another patient of the same group (Fig. 3, patient 4 ) obtained partial hematological remission despite the lack of early changes in the level of histone H3 mRNA. It is of interest, however, that a decrease of the histone H3 mRNA level was detected 48 hr after therapy in this patient. This result suggests that monitoring changes in MYC and H3 mRNA levels at 24 hr might not be sufficient to predict the therapeutic outcome in each case and that an additional measurement at 48 hr might be of even greater utility.
In conclusion, we have provided evidence that the analysis of the early effects of chemotherapy on the mRNA levels expressed by growth-regulated genes gives additional information on the molecular phenotype associated with the deregulation of leukemic cell proliferation. Of equal importance, if the relationships observed are confirmed in a larger study, the observations described could form the basis of a sensitive test for predicting which patient will achieve hematologic remission after chemotherapy. By extension, in those patients who fail to respond to a first dose of chemotherapy with a decrease in either MYC or histone H3 mRNA, more aggressive treatment of their disease might well be indicated.
